The replication terminator protein Tus of Escherichia coli promotes polar fork arrest at sequence-specific replication termini (Ter) by antagonizing DNA unwinding by the replicative helicase DnaB. Here, we report that Tus is also a polar antitranslocase. We have used this activity as a tool to uncouple helicase arrest at a Tus-Ter complex from DNA unwinding and have shown that helicase arrest occurred without the generation of a DNA fork or a bubble of unpaired bases at the Tus-Ter complex. A mutant form of Tus, which reduces DnaB-Tus interaction but not the binding affinity of Tus for Ter DNA, was also defective in arresting a sliding DnaB. A model of polar fork arrest that proposes melting of the Tus-Ter complex and flipping of a conserved C residue of Ter at the blocking but not the nonblocking face has been reported. The model suggests that enhanced stability of Tus-Ter interaction caused by DNA melting and capture of a flipped base by Tus generates polarity strictly by enhanced protein-DNA interaction. In contrast, the observations presented here show that polarity of helicase and fork arrest in vitro is generated by a mechanism that not only involves interaction between the terminator protein and the arrested enzyme but also of Tus with Ter DNA, without any melting and base flipping in the termination complex.
T
he replication of DNA in many prokaryotes and in certain regions of eukaryotic chromosomes is specifically terminated at specialized sequences called replication termini (Ter) ( Fig. 1 A and B) that cause orientation-dependent fork arrest, and such arrest performs important physiological functions (1) (2) (3) . In eukaryotes, sequence-specific replication termini are not present within every replication unit. Instead, the termini are found at specialized locations such as the nontranscribed spacers of rDNA (4) and at the mating type switch locus of Schizosaccharomyces pombe (5) . We and others have shown by in vitro analyses that the replication termination proteins of Escherichia coli and Bacillus subtilis are polar contrahelicases, i.e., the proteins cause unidirectional arrest of the replicative helicase DnaB upon binding to the Ter sequences (6) (7) (8) (9) (10) . The crystal structures of the replication terminator protein (RTP) of B. subtilis (11) and that of E. coli, called Tus (12) , have been solved. Despite the fact that the proteins have very different structures, both proteins interact in vitro with their cognate binding sites to arrest DnaB helicase and RNA polymerase of E. coli in a polar mode (10, 13) .
A satisfactory model of polar fork arrest should take into account the following biological observations. First, a Tus-Ter complex arrests only some helicases such as DnaB but not others such as PcrA, helicase I, and UvrD helicase (9, 14) in vitro. In fact, in vivo genetic experiments show that UvrD helicase removes Tus protein from Ter sites (15) . Further evidence of helicase specificity is indicated by the observation that Tus either fails to arrest or arrests poorly the hexameric replicative helicase DnaC of B. subtilis in vivo (16) . The Gram-positive DnaC protein is structurally related to DnaB of E. coli (17) .
Second, the Tus-Ter complex also arrests RNA polymerase of E. coli in a polar mode at or near the coordinates Ϫ6 and Ϫ11, immediately upstream of the blocking face of Tus-Ter complex (13, 18 ) (see Fig. 1B ). Finally, a variety of approaches show that Tus physically interacts with DnaB and there are mutants on the blocking face of Tus that reduce interactions in vitro that also are defective in arresting DnaB in vitro and the replication forks in vivo (19, 20) .
Two models of fork arrest are shown in Fig. 1C . The first model postulates that Tus-DnaB protein-protein interaction and Tus-Ter binding both are necessary for polar fork arrest (19) . The second one suggests that polarity is generated strictly by DNA-protein interaction caused by helicase-mediated remodeling of the Ter-Tus complex that not only involves DNA unwinding at the blocking end of Tus but also flipping of a C residue and its capture by Tus. Both of these steps have been reported to be essential for the generation of polarity. Forks approaching the nonblocking end are postulated to melt the DNA and dislodge Tus from the Ter site (21) .
To accommodate all relevant biological information pertaining to fork arrest and to gain further insights into the replication termination mechanism, we investigated whether polar arrest of helicase translocation could be dissociated from actual DNA unwinding. The experimental strategy used to accomplish this objective takes into consideration the following known aspects of helicase structure, dynamics, and biochemistry. DnaB is a hexameric helicase (22) . It is a toroid with a central channel (23, 24) that can accommodate either a single or both strands of the DNA double helix. Detailed published work has shown that when the hexameric DnaB ring is loaded onto a forked dsDNA, it causes unwinding of the duplex. However, a substrate with a 5Ј-singlestranded tail and no fork allows the enzyme to translocate on the DNA double helix by using the energy of ATP hydrolysis but presumably without melting the DNA duplex (25) (26) (27) .
We spatially separated helicase arrest at the Tus-Ter complex from actual DNA unwinding at a downstream fork by using a triplex DNA substrate containing a 30-nt-long, 5Ј-singlestranded tail and a downstream annealed 45-mer oligo with a 30-nt-long, 3Ј-single-stranded tail that simulated a replication fork. Using this approach, we have discovered that the Tus-Ter complex promoted polar arrest of energy-dependent translocation of DnaB on the DNA duplex without causing net DNA unwinding or even without the formation of a transient denaturation bubble at the Ter site. The mechanistic implications of this and related observations are discussed.
Results
The chromosome of E. coli contains two sets of Ter sites present in opposite orientations. The sites act together to form a replication trap that forces the two replication forks to meet each other in a region called TerC (see Fig. 1 A) . The consensus Ter sequence is shown with the coordinates on the top (Fig. 1B) . The C residue that is proposed to flip and its complementary G are shown at coordinate 6, and RNA polymerase arrest sites are shown at Ϫ6 and Ϫ11.
DnaB Sliding on a Triplex Substrate Did Not Cause Net Melting of Ter DNA. Our experimental strategy to spatially uncouple helicase translocation from helicase-catalyzed DNA unwinding is shown in Fig. 2A . We investigated the effect of a range of concentrations of KCl on helicase activity in vitro to choose the concentrations that allowed DnaB to be active in vitro [supporting information (SI) Fig. S1 ]. On the basis of these experiments, we performed a helicase assay mostly in the standard helicase buffer and in some cases with the same buffer supplemented with 100 mM KCl. It should be noted that in the standard buffer without additional KCl we have reconstituted replication with purified proteins and have observed robust Tus-mediated replication termination in vitro (28) .
Although previous work showed that DnaB can load on a 5Ј-tailed substrate in the absence of a fork and slide on dsDNA (25), we determined that such sliding does not occur on a substrate consisting of M13 single-stranded circular DNA that formed partial duplexes with linear ssDNA of length from 15 bps to Ͼ1,000 bps (14) . Instead, we observed that DnaB unwinds the partial duplexes. Therefore, before proceeding further with the experiment, we sought to ascertain whether ATP hydrolysisdependent DnaB sliding would occur under our experimental conditions. Our strategy was to incubate a triplex substrate containing a 30-nt-long, 5Ј-single-stranded tail with DnaB and ATP. The 5Ј tail was expected to promote the loading of the enzyme, and because of the absence of a fork, the hexameric toroid of DnaB was expected to accommodate both strands of the DNA in its central channel and slide over the duplex. In the absence of Tus, the helicase was expected to slide past the Ter site until it encountered the 30-nt-long 3Ј tail located downstream, closer to the 3Ј end (Fig. 2 A) . The 3Ј-tailed structure simulates a fork that should cause DnaB to enter into the unwinding mode and melt the 45-mer reporter strand.
To experimentally verify these predictions, we constructed two triplexes, one formed by annealing the oligonucleotides (called oligos here after) 54B and 45R to the 99B top strand. This annealing generated 99B-54B*-45R with the label at the 5Ј end of the 54-mer (54B*) (the oligos are listed in (Table S1 ) and the second one, identical in sequence and construction, but having the label at the 5Ј-end of 45R (99B-54B-45R*). The labeled strands of the triplexes are shown in red in Fig. 2B , and the location of the label is indicated by * in the text. DnaB was loaded separately onto the two triplexes. Helicase movement was monitored by measuring the unwinding of the downstream reporter 45-mer, after resolution of the reaction products by nondenaturing 12% PAGE. A representative image from a phosphorimager (phosphorimagergram) showed that helicase progression on the triplex 99B-54B*-45R (Fig. 2B Left) did not melt and release the 54-mer* (54B*) from the triplex. On the other hand, the 3Ј-tailed 45-mer (45R) located downstream of Ter was unwound by DnaB, generating the 99B-54B* partial duplex (Fig. 2B Left) .
In the complementary experiment we used the 99B-54B-45R* triplex and found that incubation with DnaB and ATP caused release of the 45R* without any detectable formation of the 99B-45R* partial duplex. The results are consistent with sliding of the DnaB on the double-stranded substrate, past the Ter site until the helicase reached the downstream fork and unwound the reporter, resulting in the release of 45R* (Fig. 2B Right) . In summary, these results confirmed that DnaB was able to slide over the duplex region without causing DNA unwinding, and the sliding was successfully monitored by the melting of the downstream reporter.
Tus Is a Polar Antitranslocase. Having determined that helicase sliding was taking place on the DNA substrates at the appropriate salt concentrations, we proceeded to investigate whether polar arrest of a sliding helicase could be effected by assembling a Tus-Ter complex separately on the triplexes 99B-54B*-45R, 99B-54B-45R* that contained the Ter site in the blocking orientation and two others, namely 99NB-54NB*-45R and 99NB-54NB-45R*, that contained the Ter site in the opposite, nonblocking orientation with respect to the 5Ј tailed end of either 99B or 99NB (Fig. 2 A) . The triplexes were preincubated with increasing amounts of Tus at the molar ratios of Tus to Ter DNA of 0.5-20, then ATP and sufficient DnaB (to melt at least 50% of the reporter 45-mer from the triplexes) were added and the reaction was allowed to proceed for 15 min at 37°C after which the products were resolved by 12% nondenaturing PAGE. The phosphorimagergrams of the gels showed that the Tus-Ter complex impeded helicase sliding on the duplex DNA in those triplexes that had the Ter in the blocking but not in those with the site in the nonblocking orientation. Once again, helicase sliding caused no detectable net melting of the 54-mer/99-mer duplex region either in the blocking or the nonblocking triplexes (Fig. 3 A and B) .
Three independent sets of experiments were carried out with each set of triplexes with the label on 54B* (or 54NB*) (Fig. 3A) or on the 45R* (Fig. 3B) . The data from the experiments using 99B-54B-45R* and 99NB-54NB-45R* are shown with the error bars (SDs) (Fig. 3C) . We also analyzed similar data (data not presented) using the triplexes having the label on 54B* and 54NB*, and we obtained results identical to those shown in Fig.  3C . These results lead us to conclude that sliding of DnaB on dsDNA was arrested in a polar mode by the Tus-Ter complex and that there was no net melting of DNA duplex on which the helicase sliding had occurred. In the nonblocking orientation of Ter, and in the absence of DNA unwinding, it would appear that a sliding DnaB must displace the Tus from the Tus-Ter complex without melting the Ter sequence.
We then asked the question as to whether helicase sliding on the dsDNA would cause formation of a bubble of unpaired bases at Tus-Ter by attempting to trap the denatured region, if any, with either 10% HCHO or 2 mM KMnO 4 but were unable to detect any DNA melting (see Fig. S2 and SI Text). We wanted to ascertain further whether DNA melting at the blocking end of Ter was necessary for arresting the sliding helicase by performing the following definitive experiment.
DnaB Could Translocate Over a Duplex Region Containing Interstrand
Cross-Links That Immediately Preceded C6. A definitive approach to testing whether DNA melting is needed in front of the blocking end of Tus-Ter for polar DnaB arrest is by preventing any DNA strand separation adjacent to GC6 by inducing site-directed, covalent, interstrand cross-links at two predetermined sites immediately preceding C6. Using such a substrate one could ask the question as to whether DnaB would slide unimpeded over the interstrand cross-links and be arrested by the Tus-Ter complex in a polar mode. To perform this experiment, we synthesized a 24-mer oligo containing phenyl-selenide-dTTP (24⌽-Se B ) (29) (30) (31) at the positions corresponding to the T residues at coordinates 4 and 5 of the bottom strand of Ter. This oligo was used to construct the duplex 99B-24⌽-Se B (Fig. 4A and Table S1 ) by inducing site-directed interstrand cross-linking by oxidation with 10 mM Na-periodate for 4 h at room temperature at Ϸ22°C. The chemical reaction pathway is shown in Fig. 4B . The yield of the cross-linked product that migrated in the gel just above the 99B* marker varied from Ϸ40% to Ͼ95% (Fig. 4C) . Further details are provided in SI Text.
The DNA triplex 99B*-24-⌽-Se B -30XL-45R* with Ter in the blocking orientation was constructed by annealing the purified 99B*-24-⌽-Se B duplex with molar excess of unlabeled 30XL and labeled 45R* (Fig. 4A Top and Middle) . We also constructed the control substrate with Ter in the nonblocking orientation by annealing and cross-linking the 26-mer ⌽-Se NB with the labeled 99NB* upper strand followed by hybridization of the partial duplex with a molar excess of the 20-XL and 45R (see Fig. 4A Bottom) .
The measurements of the percentage of the input triplex in which the labeled reporter oligo was protected from helicase activity in both orientations of the Ter, as a function of increasing molar ratio of Tus/Ter are shown with the standard error bars in Fig. 4D . The data were collected from four independent experiments for each orientation of Ter and showed that interaction of Tus with Ter in the blocking orientation impeded helicase progression despite the presence of two interstrand cross-links immediately preceding the C6. The helicase progression in the control substrate with Ter in the reverse orientation was much less responsive to increasing Tus concentration. The locations of the cross-links in the blocking orientation (Fig. 4A Top and Middle) were such that a denaturation bubble such as that required by model II could not have formed in such a triplex. We also asked the question as to whether there would be a more robust arrest of DNA sliding in a substrate that was provided with a 7-bp bubble of unpaired bases including GC6 in comparison with a substrate that lacked such an unpaired bubble and found that such an enhancement did not occur (Fig. S3 and SI Text) .
The Tus Mutant Form E49K Was Defective in Arresting Helicase Sliding.
It is generally believed that helicase sliding and DNA unwinding are caused by the same ATP hydrolysis-dependent locomotion of DnaB on both strands or on only one strand of the DNA duplex, respectively (25, 27) . Consistent with this postulate, one would expect that mutations in Tus, which are defective in arresting helicase-catalyzed DNA unwinding, should also be similarly defective in arresting a sliding helicase. To verify this prediction, we measured the magnitude of arrest of a sliding DnaB by the mutant form E49K in comparison with the WT Tus in a triplex substrate with a bubble of five unpaired bases that did not include GC6 (Fig. 5) .
Preliminary experiments showed that this triplex was somewhat better melted at a given concentration of DnaB at the reporter oligo in comparison with the standard triplex without a bubble (data not shown). We prepared 111B-66B-45R* with Ter in the blocking and the corresponding triplex 115NB-70NB-45R* (Table S1 ) with the Ter site in the nonblocking orientation and performed three sets of helicase sliding/arrest measurements. Representative phosphorimagergrams are shown in Fig.  5 A and B , and the data from three independent sets of experiments with standard error bars are shown in Fig. 5C . The results described above showed that the E49K mutant form, which was previously known to be partially defective in interaction with DnaB and in arresting helicase-catalyzed unwinding, without any detectable loss of binding to Ter DNA (19) , was also partially defective in arresting a sliding helicase. These data appear to be consistent with the notion that sliding and unwinding are just two manifestations of the same helicase translocation mechanism. Moreover, the results provided further support to the conclusion that the loss of DnaB-Tus interaction led to a decrease in the ability of Tus to impede helicase translocation. On the basis of the experiments presented above, we conclude that DNA melting at the blocking end of the Tus-Ter complex was not essential for causing polar arrest of DnaB translocation. The data suggest further that DnaB-Tus interaction appears to be an important and necessary component of the polar fork arrest mechanism. We have obtained identical results by using the DNA substrates 99B-54B-45R* and 99NB-54NB-45R* that lacked a bubble of unpaired bases at Ter (data not shown).
A Ter mutant with a GC-to-TA transversion at position 6 did not reduce Tus-mediated arrest of helicase movement in vitro. We reasoned that if C6 flipping were not necessary for arresting a sliding DnaB in vitro a transversion of CG6 to AT6 should not have had a noticeable impact on the magnitude of the process. To test this hypothesis, we constructed a triplex with the mutated Ter site out of the 99-mer called Mflp1, a 54-mer called Mflp2 and the reporter 45R* (Table S1 ). We compared the relative abilities of the Mflp triplex, the normal triplex 99B-54B-45R*, and the control nonblocking 99NB-54NB-45R* to arrest sliding DnaB in the presence of WT Tus. Eight independent sets of experiments were carried out, and the data with standard errors were plotted as a function of Tus/Ter molar ratios (Fig. 5D ). No significant difference in the polarity of fork arrest was observed between the WT and the mutant form of Ter. This result is consistent with our in vivo data (32) but appears to be at variance with in vivo data that revealed retention of up to Ϸ33% of polar fork arrest activity in this mutant (33) . We do not know the reason for the different in vivo observations.
Discussion
The data presented here support the conclusion that polar arrest of helicase translocation in vitro does not depend on DNA melting and flipping of GC6. In vitro experiments with the E49K mutant form of Tus supports the conclusion that DnaB-Tus contacts are involved in helicase arrest. The mutation causes loss of binding with DnaB without causing any loss of binding affinity for Ter DNA (19, 20) . These findings do not support model II but are consistent with a variety of in vivo and in vitro data pertaining to replication termination.
We have previously reported that a termination complex arrests transcription catalyzed by RNA polymerase of E. coli in vitro at the Ϫ6 and Ϫ11 positions of Ter (18) (Fig. 1B) . Such arrest has also been observed in vivo (34) . The data are consistent with the possibility that transcriptional arrest occurs when the leading edge of the enzyme either contacts or approaches closely the Tus-Ter complex. Because the open complex formation is known to occur deep within the body of RNA polymerase (35) , it follows that RNA polymerase arrest should occur before the enzyme causes base-pair melting within the Ter sequence. Furthermore, if the transcribing RNA polymerase were allowed to proceed further and melt the Ter site, up to and including GC6, the leading edge of the enzyme would have displaced Tus from Ter, thereby breaching through the terminus and nullifying its arrest. These results are more easily explained on the basis of model I shown in Fig. 1C . Does RNA polymerase arrest involve Tus-RNA polymerase interaction? Although this question has not been experimentally addressed with Tus, we have investigated this question with regard to RTP, the terminator protein of B. subtilis, and have found that a single point mutant that reduced RTP-DnaB interaction and failed to arrest the helicase was also defective in arresting RNA polymerase, suggesting possibly a common or overlapping interaction domain (36) .
As described earlier, the Tus-Ter complex does not arrest all helicases in vitro (14) and in vivo, and the termination complex either does not arrest or arrests very poorly the hexameric helicase DnaC of B. subtilis (16) . This relative, albeit limited, specificity of arrest is more easily explained on the basis of a model that does not require a mechanism exclusively dependent on strong and stable binding of Tus to Ter. The RTP of B. subtilis also arrests forks in a polar mode, and experiments using a fusion protein of RTP with a fragment of GFP suggests a mechanism of fork arrest that is more consistent with interaction of RTP with a component of the replisome, possibly the DnaC helicase rather than just RTP-Ter binding (37) .
X-ray crystallography of a branched Ter DNA bound to Tus, in the absence of other replisomal components, has revealed a C6 flip (21) . Although both our in vitro results reported here and our in vivo data (32) showed that a C6 to A6 in transversion in Ter did not manifest any loss of arrest of a sliding or unwinding DnaB, another group (33) has reported that the same mutation can cause a 3-fold reduction in fork arrest. This incremental reduction in fork arrest perhaps can be reconciled with other observations as discussed below.
We propose that the GC6 base pair and its interaction with Tus might function as a fail-safe mechanism in situations where the DnaB helicase might unwind past the C6 and the T7 residues of Tus, resulting in potential loss of vital Tus-Ter contacts and abolition of fork arrest. In such a situation, the interaction of C6 with Tus might compensate for the loss of protein-protein contacts caused by the extra unwinding and restore fork arrest by a mechanism that not only involves Tus-Ter interaction but also Tus-DnaB contact. We want to state clearly that generation of polarity solely by enhanced DNA-protein interaction resulting from C6-Tus interaction does (Table S1 ). The data are pooled from eight independent sets of experiments and plotted with standard error bars.
not appear to be a viable model. In this context, a sliding helicase that does not unwind DNA would not appear to need such an additional backup mechanism and that might explain why mutations in GC6 had no detectable effect on arresting helicase translocation in vitro.
Experimental Procedures
Oligonucleotides and Triplex Construction. Phenyl-selenide oligos were prepared as described (29, 30, 38) . For all of the oligos used in this work and the details of the substrate construction see Table S1 and SI Text.
Enzymes. DnaB and Tus were purified as described (6) .
Helicase Sliding and S1 Nuclease Analysis. Helicase sliding measurements were carried out as described (6) . S1 nuclease analyses are described in detail in SI Text.
